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SUMMARY

The economic necessity of high reliability dictates a major

role for environmental testing in the exploration of space. High

reliability in spacecraft can be achieved only through extensive

environmental testing. Successful testing depends on a compre-

hensive test plan that is formulated from the requirements of

specific programs. Successful satellites and space probes can be

achieved most economically by full use of such test programs and

by the timely application of object lessons learned from previous

programs.
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THE PURPOSESOF ENVIRONMENTALTESTING

FORSCIENTIFIC SATELLITES*

by

John H. Boeckel

Goddard Space Flight Center

INTRODUCTION

Reliability is an attribute of a device that cannot be directly measured. In treating reliability

numerically, the concepts of probability are introduced; and reliability can be defined as:

The probability of a successful operation of the device in the manner intended and
under the conditions of intended customer use.

This definition (Reference 1, p. 20)--and many similar ones--leadsto a large number of questions con-

cerning, chiefly, the determining of the required level of "probability" and the defining of criteria

for "success."

The required level for the reliability of a satellite is a function of its mission. This paper will

discuss the reliability and environmental testing problems that apply to scientific satellites as dis-

tinguished from spacecraft used for manned space flight or for military purposes. In general, the

manned and military missions require a considerably higher degree of reliability than does the scien-

tific one. Unreliability in a scientific satellite implies loss of data; in a manned satellite, loss of life;

and, in a military satellite, risk to the nation's defense posture. On the other hand, the scientific

satellite is usually more complex, is developed in a short period of time, and carries instrumentation

at the highest levels of the state-of-the-art. The problems of reliability assessment are therefore

of comparable difficulty for all three categories but are approached from slightly differing points of

view.

The objective of the scientific satellite is to make fundamental measurements that cannot be

made from the earth. In some cases, these measurements must be made in situ; in others, the in-

struments must be raised above the distorting effects of the earth's atmosphere, magnetic field, and

ionosphere. A given satellite usually carries a set of experiments intended to make simultaneous

measurements of interest in a given discipline: thus, Explorer VIII (1960 _ 1) makes direct measure-

ments of the ionosphere, Explorer XI (1961 u 1) orbits a gamma ray telescope, Explorer XII (1961 v 1)

measures energetic particles, and the Orbiting Solar Observatory I (1962 _ 1) measures electromag-

netic radiation from the sun. A list of satellites and space probes launched by the Goddard Space

Flight Center (GSFC) as of December 1962 is attached as Appendix A.

*This paper was prepared at the invitation of the American Society for Quality Control (Washington Section), and was presented Feb. 12,

1963, at the ASQC Reliability Training Program.



In broader terms, Dr. Robert Jastrow (Reference 2) has summarized the intent of NASA's scien-

tific investigations in space as follows:

Although they involve many questions in physical science, nonetheless most of
the matters under investigation by space flight vehicles may be grouped around
a relatively small number of central problems:

First, problems relating to the structures of stars and galaxies: stellar evo-
lution, nucleosynthesis, the cosmic abundances of the elements.

Second, the origin and evolution of the solar system, the formation of the sun
and planets, and the subsequent history of planetary bodies.

Third, the control exercised by the sun over the atmosphere of the earth, the
structure of the upper atmosphere, and the causes of weather activity in the
lower atmosphere.

The level of reliability that should be required of a satellite whose purpose is to gather data ap-

plicable to these fundamental problems is difficult to set. In terms of the usual time scale for evolv-

ing new scientific theory from basic data, the scientist is not particularly interested in whether the

data come from today's launching or from the launching of the backup flight unit a few months hence.

(Favorable planetary orbital conjunctions are an obvious restriction on this freedom in time. How-

ever, the "launch window" is often sufficiently long to provide for a second launching.) The circum-

stance of a backup unit, then, give the impression that the only requirement is a reasonably high

probability that at least one of the two units should be successful.

Another problem arises when the question of what constitutes success is considered. Since per-

haps five experiments may be flown on even a small satellite, not all experiments are required to

work perfectly before the shot is called a success. Furthermore, the required duration for accept-

able operation should be defined. For some satellites, transmission of data for a few orbits might

suffice. For others, from which we hope to determine expected ranges of the measured parameters,

months may be needed.

On the basis of scientific considerations alone, assignment of reliability requirements is impos-

sible. Reliability is fundamentally a ratio; it is used to weigh risk against investment. Traditionally,

scientific investigation has been concerned with the gathering of accurate data, subjecting it to rigor-

ous analysis, fitting it to theoretical hypotheses, and subsequently gathering further independent data

for verification of the results. Employing satellites as a scientific tool has changed one factor in

this process markedly: the cost of making the experiment. Expensive tools have been used before

(e.g., the cyclotron); however, the "one-shot" nature of the satellite experiment is probably paral-

leled only by the investigations of the effects of atomic explosions.

With the introduction of cost considerations, we have a basis for stating the satellite reliability

problem: A level of performance must be obtained to balance the high cost of an individual firing

against the need for obtaining timely, accurate data with a package of minimum weight containing

exotic instrumentation.

Typical scientific satellite costs are given in Table 1.



By taking the total dollarsbudgeted
andthe total weightof satellites in orbit,
an estimate of $50,000per poundmay
bederivedfor all efforts to date (Refer-
ence3). It is clear, then, thatwecannot
be promiscuousin launching unproven
designs.

A TYPICAL SCIENTIFIC

SATELLITE - EXPLORER XII

Table 1

Scientific Satellite Costs.*

Satellite

International II

Explorer XII

POGO

Advanced OSO

Vehicle Cost (106 dollars)

Spacecraft

Scout

Delta

Thor-Agena

Atlas-Agena

1.3

2.7

11.5

17.0

Vehicle

1.0

2.5

6.5

8.3

*These numerical values are estimates and must not be taken as authoritative.

Before proceeding further with a discussion of reliability, a brief exposition of a typical satel-

lite's makeup is in order. Explorer XII, launched on August 15, 1961,* carried some five experi-

ments and provided 2568 hours of real-time data before it ceased transmitting.

Figure 1 is a picture of Explorer XII. Figure 2 shows a block diagram of the system. A weight

breakdown by function is given in Table 2.

*See Appendix A description.

Figure 1--Explorer XII.
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Figure 2--Explorer XII system.

Table 3

Electronic Parts.

Part

Capacitors (fixed)

Capacitors (variable)

Diodes

Resistors(fixed)

Resistors(variable)

Transistors

Connectors

Inductors

Transformers

Crystals

Switches

Solar cells

Tota I:

Quantity

1121

9

813

2633

11

1063

70

93

43

2

I0

6144

12,002

Table 2

Weight Breakdown by Function.

Function

Structure

Telemetry

Power supply

Interface hardware

Experiments

Total:

Weight (Ib) Percent of
Total Weight

22.5 27.0

5.5 6.6

21.7 26.0

6.0 7.2

27.5 33.0

83.2 99.8

This basic satellite with different experiments

was also successfully flown as Explorers XIV

and XV (1962 B 71 and 1962 B_ 1).

From a reliability point of view, there is

nothing strikingthus far. There is an electronics

package weighing little more than a typical tele-

vision set. However, a closer look reveals an

impressive number of electronic parts (Table 3).

It may be taken for granted that these parts are

taxed as heavily as the designers dare in an

effort both to minimize weight and to perform

sophisticated tasks.

MATHEMATICALMODELS

Lloyd and Lipow (Reference 1, Chapter 9)

discuss the establishment of mathematical models

of physical systems wherein the reliability of

each function of the system can be estimated for

a point in time. This type of model can be ex-

tended to cover the probability of successful

operation as a function of time. The reliability

assessment of the Mariner spacecraft by the

Planning Research Corporation is a good example

of this technique (Reference 4).

After the model is established, empirical

data for the expected performance of the individ-

ual parts (under predicted electrical and environ-

mental stresses) are inserted. These data are

almost always in terms of failure rates as



defined for an exponential distribution (Reference 1, p. 137). By suitable combination of these rates,

we may derive the expected mean time betweenfaihn'es for the complete system. Table 4 gives

such predictions for the Explorer XII spacecraft.

There is a fundamental difficulty in employing the output of a satellite's mathematical model:

the applicability of the empirical data used. Because the pace of electronic-parts development has

been so rapid, the large sample sizes, uniform populations, and statistical product quality control

that must form the basis for the prediction of parts performance do not apply. Or, as was stated

recently, "The model is good; if only we had some decent parts data." NASA is now trying to assem-

ble a "preferred parts list" for space applications. However, it is very difficult to tell the designer

that he must wait months for qualification testing when a supplier markets a new high-performance

device.

At present, then, the mathematical pre-

diction is only indicative. The intent in setting

up a model of a satellite system is to highlight

those elements of the assembly having the

greatest impact on system performance rather

than to make accurate quantitative predictions.

TESTING PHILOSOPHY

Satellites not only are one-shot but are

virtually one of a kind. Usually a prototype, a

flight unit, and a backup flight unit are the only

complete assemblies that are made. Thus, the

variations between individual elements and the

unpredictable interactions and dependencies

that are the curse of accurate mathematical

analysis tend to dominate the problem. There-

fore, flight unit performance cannot be pre-

dicted statistically from the previous test re-

sults, and rigorous testing of the acha_lJlight

units becomes a necessity.

The purpose of environmental testing in a

satellite program is to establish the suitability

for flight of a given flight unit. Hereafter, we

will speak almost entirely of systems tests. Sub-

assembly testing under environmental stresses

more severe than those expected in actual use

is presupposed. It must be noted here that the

difficulty of conducting adequate subassembly

Table 4

Expected Mean Time Between Failures.

.........

Mean Time Between

Satellite Subassembly Failures (10 6 hr)

Overvol tage regulator 0.085

Current mon{tor

Batteries A & B

Recycle timer

Command program switch

(essential components)

Command program switch

(allcomponents)

Regulator converter

Fncoder converter

Digital oscillator 1

(optical aspect)

Digital oscillator 2

(cosmic ray)

Digital oscillator 3

(cosmic ray)

Digital oscillator 4 (SUI)

Analog oscillator 1 (Ames)

Analog oscillator 2 (l&[)

Analog oscillator 3
(magnetometer)

Analog oscillator 4

(performance parameters)

Analog oscillator 5

(performance parameters)

Transmitter

0.16

2.5

0.051

0.12

0.061

0.012

0.044

0.030

O.033

O,022

0.031

0.046

0.045

0.046

0.020

0.016

0.030



tests of complicated new devices on the time scale of the typical satellite development program is

frequently overwhelming. This results in the presence in early systems tests of subsystems that

may never have experienced environmental exposures. This fact is particularly true of the experi-

ments themselves.

The emphasis on systems testing is sound on a statistical basis, as pointed out by Lloyd and

Lipow in their discussion of experimentation and testing (Reference 1, pp. 350 and 371. There is

one point, however, that these authors do not discuss: the fact that, in tests of a complete system, no

information is generated as to the input and output sensitivities of individual subassemblies. A mar-

ginal condition may exist and remain undetected. Subassembly testing must cover this problem.

SYSTEMS TEST OBJECTIVES

The systems test program for a satellite has six goals:

1. Verification that novel or unproven designs meet performance requirements and have

a satisfactory life expectancy

2. Verification that particular samples of previously employed hardware are suitable in

a new application

3. Elimination of defects in design, material, or workmanship (i.e., finding the weak links

in the chain)

4. Discovery of unexpected interactions between subassemblies when the system is ex-

posed to environmental stress

5. Training of personnel who will be responsible for the satellite at the launching site and

who will be responsible for data reduction and analysis

6. Generation of information that will serve as a guide in making new designs and in as-

sessing their reliability

(It should be noted that we do not pretend in any way to measure the reliability of the satellite.)

In attempting to reach these goals, despite the limitations, a model of the failure pattern that we

might expect to encounter must be formulated. The test philosophy is then based on this concept.

Our somewhat limited experience suggests that satellite failures fall into four categories:

1. Early failures caused by a major design weakness

2. Early failures resulting from defects in material or workmanship

3. Random failures whose frequency of occurrence is a function of design and quality

control.

4. Wear-out failures

6



Figure 3 illustrates this failure pattern, which is also discussed by Lloyd and Lipow (Refer-

ence 1, p. 416) as being applicable to rocket engines.*

, INFANT MORTALITY _-i:

DESIGN
WORKMANSHIPt FAILURES
MATERIAL

RANDOM FAILURES
OLD AGE L----

MORTALITY_

WEAR-OUT
FAILURES

.I

t_

=,

INTEGRATION
&

BENCH
TESTING

\
\

ENVIRONMENTAL
TESTING

PROTOTYPE UNIT

T UNIT

-r

z

<
,_.i

Figure 3--Failure pattern.

SPACE FLIGHT

RANDOM FAILURE RATE /t

/

/

SPACECRAFT LIFE

The systems test program is directed chiefly at eliminating those failures that arise from the

first two causes. Although some insight is gained during the program into the pattern of random

failure to be expected, the mathematical reliability analysis (despite its weaknesses) is probably the

best guide, after infant mortality has been accounted for, to expected performance. Wear-out caused

by exposure to mechanical environments is often covered in the test program. Wear-out caused by

other factors--such as surface deterioration under high vacuum--is usually best attacked at a mate-

rials, component, or subassembly level because of the extreme cost of conducting extended systems

tests.

DESIGN QUALIFICATION IPROTOTYPE)TESTS

In a given satellite development program there may or may not be an electronic breadboard

of the complete system. In any case, the prototype is almost invariably the first unit in which the

*It should be noted that this failure pattern has been attacked as unsupported by data by many authors (e.g., Cuthill, R. W., "The Relia-

bility Concept and Its Relationship to ])erformance, _ American Management Association Report).



subassemblies appear together in their near-final configuration, packaged in their proper relation

in the final structure. As Figure 3 indicates, many problems may be expected in integrating the sub-

assemblies into the prototype before a "working" satellite is produced. At some point in the integra-

tion of the prototype, the pursuit of perfection in "bench" performance must be discarded in favor of

the study of the design's performance in the environmental rigors to be encountered in the prelaunch,

launch, and space flight phases of its life. This is a conscious decision on the part of the project
manager.

Test of the prototype system are directed toward the qualification of a design. It is in this

series of tests that failures in the first category (major design weakness) should be eliminated. In

attempting design-qualification with one sampIe, we must break with many traditional environmental

test concepts. Overtesting is a necessity but, because of weight iimitations, designs cannot be ex-

pected to have too great a nmrgin.* Test-to-failure in severaI environments becomes nearIy impos-

sible in the time scale of a typical program. In the face of these problems, prototype test levels

are usuaily established at what might be considered the 99 percent probability level--that is, there

should be no more than one chance in a hundred that the flight unit will experience an environment

more severe than that employed in prototype testing. The difficulties in setting a 99 percent level

in a field as new as space flight are self-evident: Adequate data usually do not exist.

FLIGHT UNIT TESTING

Test of the flight units are directed toward the acceptance of a particular system for flight.

Because only one prototype has been qualified, virtually no information is available on the variation

to be expected between units of the same design. Flight unit testing is intended, then, to discover

failures in the second category: defects in material or workmanship. The exposure of flight hard-

ware to severe environments is often attacked as tending to shorten its useful life; but the purpose

of the tests is valid, and they must be run. The key to the problem lies in the duration of the proto-

type tests: They must be long enough to give reasonable assurance that flight units can survive the

environments imposed both in acceptance testing and in actual launching and flight. In the Pioneer V

(1960 c_)program, for example, the prototype was subjected to its vibration schedule ten times to

gain such assurance. Test levels for the flight units are usually set at the 95 percent probability

level; that is, there is 1 chance in 20 that they will be exceeded when the actual launching takes place.

TEST LEVELS

Severity of applied environments has been set at the 99 percent level for qualification testing

and the 95 percent level for acceptance testing. In view of the paucity of available data, we can

hardly justify thinking of these levels in statistical terms with carefully computed standard deviations

and levels of confidence. Instead, the 95 percent level is usuaIly taken to imply a condition that is

*We must also be aware of another trap in over-specifying environments. For example: A design temperature set arbitrarily high may

force the use of low-gain silicon transistors when one-half as many germanium transistors might have done the job. Here, reliability
may have been decreased rather than enhanced.



supported by the most severe valid data obtained. The 99 percent level is then set at an assumed

mean value plus 1.5 times the difference between the mean and the 95 percent level. This procedure

is approximately correct mathematically for a normally distributed variable.*

THE TEST PLAN

Environmental testing of a satellite system is an integral part of the development cycle. As

such, it must be carefully preplanned to assure that all factors of importance in a given program

will be given proper consideration. Because environmental tests come just before launch, the time

available for them inevitably shrinks as unexpected problems delay the development program, while

launching schedules remain inflexible. In this situation, a valid and comprehensive test plan, ap-

proved and directed by management, is needed to prevent errors and omissions during the drive to

get acceptable flight units. Corners will be cut unless a clearly defined program has been estab-

lished previously.

A test plan must first include the procedures by which the system's performance under test is

to be evaluated. In practice, there are usually three levels of such a checkout. First, there is what

might be termed an in-line systems check. (In-line systems are rigorously defined as those whose

individual failure would cause failures of the whole system. In practice, the term is usually applied

to the power supply, encoding, telemetry, and command receiver systems.) Such a checkout proce-

dure might be used, for example, during a vibration exposure. While survival of vibration is fre-

quently all that is required, anomalies in performance as indicated by an in-line check made during

vibration may indicate marginal conditions. Second, there is the experiment exercise check. This

procedure not only checks the in-line systems but also requires that the experiments be excited in

some manner to cause their indicated output to leave the base line. This check might be used at

some intermediate point in a vibration test during one of the many changes in setup usually involved.

Third, there is the integrated systems test, during which experiments are not only exercised but

also calibrated. This check is required before and after all major environmental conditionings.

The bulk of a test plan is an exposition of the detailed procedures for applying environmental

conditioning to the particular satellite. While general specifications serve as a guide, they cannot

be applied indiscriminatelyd For example, acceleration levels depend on the weight of the satellite;

and the manner of simulating the thermal environment in space depends on the detailed techniques

employed in the satellite for temperature control. In establishing the proper procedures for envi-

ronmental testing, a thorough knowledge of the satellite, the environment, and the capabilities of the

test equipment must be available. Improper test technique can lead either to the acceptance of an

unsuitable system or to the overdesign of the system to pass an unrealistic test.

A final portion of the test plan is devoted to the criteria for "passing" a test, what procedures

are to be followed in the event of certain classes of failures, and the manner in which failures are

*The 95 percent point of a cumulative normal is at 1.65 _7. Then, 1.5 x 1.65 r_-2.47 7; this is the 99.3 percent point.

te.g., _General l':nvironmental Test Specification for Deka [.aunched Spacecraft," Goddard Space Flight Center, Preliminary Draft,
November 1962.



to be reported. The failure report system is usually part of a policy that transcends the particular

test program. However, the test plan must assure that this procedure is followed to permit the use,

in the design of future satellites, of object lessons painfully learned today.

ENVIRONMENTAL EXPOSURES

The selection of the environmental exposures to be applied to a particular satellite during its

test program must be made on the basis of an intimate knowledge of its purpose, functioning, and

life cycle. Many exposures, levels, and procedures that are meaningful in one application do not

apply in others. Many tests included in an environmental test program are operation checks (e.g.,

a de-spin test) or are in the nature of property determinations (e.g., a moment-of-inertia measure-

ment) rather than environmental exposures. These are included because of the complexity of the

facilities involved.

The environments to be considered in planning a satellite test program are illustrated in Fig-

ure 4. Assurance of the spacecraftrs ability to withstand all applicable environments in a given

case must be gained. Some aspects may be covered by engineering calculation (e.g., radiation
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Figure 4--Environmental conditions experienced by space systems.
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shielding). Other problems are treated on a subassembly basis (e.g., operation of bearings in

ultrahigh vacuum). Systems tests are directed toward those areas in which the interactions of sub-

assemblies will be strongly felt. The following discussion will cover the environmental tests that

are most often employed and are believed to be of the greatest significance.

Since qualification testing of the prototype is directed toward verifying the soundness of the

system design, this portion of the test program is relatively broad in scope. Typically, the follow-

ing exposures are included: dynamic balancing and spin (if applicable), acceleration, vibration,

shock, temperature, humidity, and thermal-vacuum. On the other hand, acceptance testing of the

flight units is intended to uncover significant deviations of these samples from the qualified proto-

type design--chiefly in the areas of material and workmanship--and to verify that the particular unit

is suitable for launching. Usually vibration, thermal-vacuum, and final balancing are the only ex-

posures employed.

Balance and Spin

Dynamic balancing of a spinning satellite is required to assure stability of the spin axis. Even

for a stabilized satellite, measurement of its inertial properties and trim-balancing may be required

to assure proper performance of the control system. A spin test (for a spinning satellite) is a natu-

ral adjunct to balancing, since both tests usually are conducted on the same machine. While we

think of satellites as operating in a zero-g environment, at 600 rpm the centripetal acceleration

amounts to 10 g/inch away from the center of rotation.

Acceleration

Acceleration tests are quite "straightforward" when the maximum acceleration imparted by the

vehicle to a satellite of a given weight is known. A major problem is raised by the fact that most

satellites are relatively long compared with the radius of available centrifuges. We must then con-

sider the significance of the acceleration gradient existing in the satellite under test. A more subtle

problem arises from the various possible combinations of axial and lateral accelerations that may

exist simultaneously.

Vibration

Vibration testing is a compromise of many factors. First, our machines apply vibration in only

one direction at a time, in contrast to the actual flight condition; this results in extended test dura-

tions. Second, the vehicles currently in use inject both random and quasi-sinusoidal inputs to the

satellite; separate tests are frequently required. Third, the final rocket stage and satellite mount-

ing may exhibit a mechanical impedance comparable with that of the satellite; test levels are then

conditioned by the properties of the particular satellite. Fourth, the applicability of existing data

has been seriously questioned from many quarters. A careful in-flight measurement program for

vibration has been undertaken by GSFC in conjunction with its scientific satellite launchings.

11



Shock

There are two sources of shock for a satellite system: handling, and rocket staging. Neither

of these is especially severe in most cases. Normally, a satellite is packaged with reasonable care

to mitigate handling shock. Rocket staging rarely results in a pulse representing a velocity change

of more than a very few feet per second. Typically, a drop test is used to verify resistance to shock.

Temperature

A temperature test is conducted on the prototype for two reasons. First, we must assure that

the system will not be damaged by the temperatures tobe encountered in handling, storage, or transit.

If a controlled environment is provided by exotic packaging, this must be considered. Second, tests

in a temperature chamber provide a first look at performance under expected space conditions. The

presence of rapidly moving air, of course, depresses the temperatures to be attained by power-

dissipating elements. Nevertheless, experience has shown the test to be very valuable.

Humidity

Satellites are usually subjected to a relatively mild (compared with military specifications)

humidity exposure: 95 percent RH at 30°C for 24 hours. The test is used to assure that no perma-

nent damage will be inflicted and to obtain an estimate of the "drying" time that may be involved when

the satellite is returned to controlled conditions after exposure to high humidity. Damage to the

satellite or excessive recovery times resulting from this test may dictate that the satellite be pro-

tected from high humidity at all times.

Thermal-Vacuum

Thermal-vacuum tests attempt to simulate the temperature and pressure environment the sat-

ellite will encounter in space. Chamber pressures below 10 -a mm Hg are usually considered ac-

ceptable, since air conduction is essentially negligible at this level. The study of surface effects

that occur at much lower pressures (below 10 -s mm Hg) is not a suitable objective for most overall

systems tests.

Simulation of the thermal environment is a much more complicated matter. Techniques range

from controlling the temperature of the vacuum vessel's wall (soak tests), through predicted tem-

perature contour reproduction and heat flux simulation, to full solar simulation. In choosing the

technique for a given test, a detailed knowledge of the thermal control system is required. Further,

the distinction between a performance test and a thermal design verification must always be kept

clearly in mind.

EXPERIENCEWITH EVALUATIONPROGRAMS

The Goddard Space Flight Center has been responsible for the launching of some twenty-six

satellites and space probes, as described in Appendix A. These have ranged from the 79-pound
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ExplorerX (1961K) to the458-poundOrbiting SolarObservatoryI. Eightof thesesatelliteshave
beentestedin-house;theremainderhasbeentestedbytheprime contractorunder GSFCsuper-
vision. Theseprogramshavemoldedmuchof thephilosophydiscussedherein.

In general,thesesatelliteshavebeenhighlysuccessful. Theyrangefrom six successfulTIROS
satellites in six attemptsto the highlypublicizedfailure of one-halftheRelayCommunciationsSatel-
lite (redundancypaidoff).

Thequestionnow arises asto the contributionof the environmentaltestingprogram to these
successes.In discussingthereasonsfor Goddard'ssuccess,Dr. J. W. Townsend,AssistantDirec-
tor for SpaceScienceandSatelliteApplications,said*:

Theprincipal cornerstoneof our developmentphilosophyhasbeenour belief andre-
liancein a strongtestingprogram.

(a) GSFC believes in the FULL SYSTEMS test approach. Every reasonable attempt
should be made to test the entire system under as realistic conditions as possi-
ble and as early in the development cycle as feasible.

(b) GSFC believes in 100 percent flight acceptance testing at expected average flight
levels plus 2 a (95 percent level).

(c) GSFC believes in testing a flight unit, designated a prototype, at approximately
150 percent of the flight acceptance tests.

(d) After the testing program, the system should remain intact and last minute
changes avoided like the plague (firing jitters problem).

A review of our weekly reports for a 1-year period revealed references to some 266 malfunc-

tions during the testing phase on a dozen satellites and probes. All of these would, of course, not

result in outright failure of the mission. It is (very crudely) estimated that 25 percent would have

been in this "disaster" category.

Table 5 gives a compilation of the data for

five particular cases. The high incidence of

pretest checkout failures indicates the pace of a

satellite development program and the need to

enter systems testing as quickly as possible.

The failures under test follow the pattern ex-

pected.

From another point of view, we have always

had much more difficulty with prototype quali-

fication than was expected. However, there has

been much less trouble with the flight units than

was feared after the prototype experience.

*Internal GSFC memorandum dated January 21, 1963.

Table 5

Failures During Systems Test

(Summary for Five Spacecraft).

Test Condition

Checkout

Vibration

Temperatu re

Vacuum

Thermal-Vacuum

Total :

Type of Failure
Electrical

12

20

3

5

51

91

Mechanical

6

14

3

23

Total

18

34

3

5

54

114
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ADEQUACYOF TEST LEVELS

Vibration

As discussed earlier, there is considerable uneasiness over the proper levels of vibration to be

applied to a given satellite. In-flight success has indicated that they are probably sufficiently high.

The failures in flight of one non-in-line subassembly which, having failed to qualify in vibration, was

flown anyway suggests that the levels are not excessive. It is believed that the data gathered by our

in-flight measurements program will verify these conclusions. The results so far tentatively indi-

cate that the test levels are somewhat low at low frequencies where vehicle structural modes are

found and somewhat high at intermediate frequencies.

An unexpected failure of one experiment, probably during the powered-flight phase of the Ariel I

(1962 o ) launching, suggests that the testing did not cover adequately the combinedeffects of acceler-

ation and vibration. This area of combined environmental testing appear to be somewhat weak.

Thermal-Vacuum

Problems exist in both level and duration of thermal-vacuum testing. Recent experience, par-

ticularly with Explorer XIV, had indicated that our ability to predict temperatures on the basis of

engineering calculation is not particularly good for complicated satellite geometries.* This strongly

suggests solar simulation as the desired test method. However, here the test equipment is marginal

at best.

In tile matter of test duration, there is the quandary of when to stop testing. This is mentioned

by Lloyd and Lipow (Reference 1, p. 416 and ch. 16) in their discussion of the development of a

test program for a liquid rocket engine. In their case, they were able to project desirable test du-

ration and make reliability estimates on the basis of many tests (approx. 100) of suitably similar

devices havingthe same design. In our case, we have had one similar device: the prototype.

Experience with the more sophisticated satellites now being flown indicates that the 1-year life

nominally felt to be desirable is not being achieved. Table 6 shows typical performance. We are

attacking this problem on both the design and testing levels. (It might also be noted that timers are

being included in many satellites to shut them off after 1 year, to clear the communications channels.)

From the testing viewpoint, there is another duration problem. It will be recalled that our failure

model proposes initial testing be long enough to eliminate "infant" faults. Figure 5 (Reference 5)

shows experience on three satellites. These data indicate that failures are still occurring at a sig-

nificant rate as the test ends. Extending the required duration of thermal-vacuum tests is under

serious consideration.

*The Jet Propulsion Laboratory encountered a similar problem in their Mariner II (1962 Apl)Venus fly-by.
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Table 6

Solar-Powered Satellite Lifetime.

Date kife

Satellite* Launched Silent (months)

Vanguard I

Explorer VI

Explorer VII

Explorer XI

Explorer XII

Explorer XIV

Explorer XV

Ariel I

Alouette

OSO I

Mar. 17, 1958

Aug. 7, 1959

Oct. 13, 1959

Apr. 27, 1961

Aug. 15, 1961

Oct. 2, 1962

Oct. 27, 1962

Apr. 26, 1962

Active

Oct. 6, 1959

Aug. 24, 1961

Dec. 6, 1961

Dec. 6, 1961

Jan. 11, 1963

Active

Active

57+

2

26

Sept. 29, 1962

Mar. 7, 1962

Active

Active

7

4

3+

2+

4+

3+

10+

Remarks

Oldest active satellite; first use of solar cell (weight,

3 Ib; two experiments)

Decayed from orbit July 1961 (weight, 143 Ib; eight

experiments)

Tracking beacon ceased on silent date; 20-Mc transmit-

ter still active; clock failed on launch (?) (weight,

92 Ib; six experiments)

All experiments working until silent date; tape recorder
never functioned (weight, 82 Ib; six experiments)

Abrupt stop in transmission (weight, 83 Ib; ten experi-

ments)

Encoder started malfunctioning Jan. 11, 1963; good data

until then (weight, 89 Ib; six experiments)

Good data being received on artificial radiation belt

(weight, |00 Ib; seven experiments)

Showed undervoltage problems in Aug. 1962; encoder

malfunctioned at times; some data still being received

(weight, 132 Ib; seven experiments)

Good data being received; solar cell output diminished

by radiation effect (weight, 320 Ib; three experiments)

Data still being received; some problem in positioning

control (weight, 458 Ib; thirteen experiments)

*The satellite desi nations for Explorers XI, XII. XIV, XV and for Ariel I have been given with previous text mention; the designations for Vanguard I,

Explorers VI and VII, and Alouette are, respectively: 1958 _2, 1959 _ 1, 1959 _ 1, and 1962 B o. 1.

8

U"

LJ L= F, IGH1 I!',;I T

<_ _ ;_ ------ col r

0 2 4 6 8 10 12 14

I I !%¢1 E L[ J <_ y S ;I

P;70 ; 0 F'{P_

,:/,c :_ ?: I
zl

I
CI

I

I

_,,/,,j_,,_,Tit/,
//ll_'liO "l l ll; I 1 I

2 4 6 8 10 12 14

Fl'gure 5--Experlence in thermal-vacuum testing.

15



UTILIZATION OF EXPERIENCE

Currently, utilizationon the next program of experience gained in the development and evaluation

of a previous satellite is a significantproblem. The difficultyis caused largely by the fact that

the state-of-the-art is progressing so rapidly that only the most recent experience has application.

The problems in instant acquisition,digestion, and dissemination of such information are obviously

manifold. We can only say that constant effort is being made to improve the procedures and mech-

anisms used for this purpose.

CONCLUDINGREMARKS

In the foregoing, an attempt has been made to follow the rational used in establishing an environ-

mental test program and to fit this program into the overall satellite reliability picture. Perhaps

the most distinctive feature of a satellite test program is that stringent environmental tests of the

actual flight units are conducted. The success of the approach is demonstrated by highly successful
satellites in orbit.

.

1

o

.

5.

REFERENCES

Lloyd, D. K., and Lip.w, M., "Reliability: Management, Methods and Mathematics," Englewood

Cliffs, New Jersey: Prentice-Hall, 1952.

Jastrow, R., '_)eveloping Special Skills for Research in the Space Sciences," Proceedings of the

NASA-University Conference on the Science and Technology of Space Exploration, November1-3,

1962, Chicago, Ill., Vol. I, pp. 41-45.

New, J° C., "Achieving Satellite Reliability Through Environmental Tests," NASA Technical Note

D-1853, 1963. Also to be published in: Proceedings of the Institute of Environmentul Sciences,

April 1963.

Planning Research Corporation, "Reliability Assessment of the Mariner Spacecraft," PRC R-293,

December 17, 1962.

Timmins, A. R., and Rosette, K. L., "Experience in Thermal-Vacuum Testing Earth Satellites

at Goddard Space Flight Center," NASA Technical Note D-1748, 1963. Also to be published in:

Proceedings of the Institute of Environmental Sciences, April 1963.

16



Appendix A

Satellite and Space Probe Summary
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